We present a single step and an electrochemical synthesis of vertically aligned ZnO nanorod (NR) arrays, directly on transparent aluminium-doped zinc oxide (AZO) electrodes. The NRs grow from mild, aqueous-based solution at low temperature, with no need for catalysts or additional seed layer. The use of textured AZO as substrate allows for highly effective growth of hexagonally faceted, single-crystalline ZnO NRs along the wurtzite c-axis. The matching of the crystal lattices initiates a self-seeding route, thus the inherent growth habit of the AZO crystallites advances the vertical growth and alignment of NRs. Moreover, the thicknessdependant grain size of the AZO layer provides a valuable feature for tuning the diameter of ZnO NRs grown atop. In the absence of any seed mediator, the interfacial quality is expected to improve significantly. This should enhance the thermal and electrical transport throughout the whole nanostructured transparent electrode. The NR growth was investigated under systematic manipulation of the synthesis variables in order to optimize growth conditions for highly aligned, single-crystalline NRs with a large aspect ratio and a good optical quality. The structure and optical property of the AZO/ZnO NR ensembles were characterized by atomic force microscopy, scanning electron microscopy, X-ray diffraction, photoluminescence, and ultravioletvisible transmission spectroscopy.
Introduction
With the intention of advancing the performance of new functional materials, sophisticated control over the morphology and the properties of inorganic (semiconductor) nanostructures remains a long-standing goal in the development of bottom-up device fabrication processes. Further development into geometric considerations is particularly desirable for the exploitation of the dimensionality of nanomaterials in connection with high surface area materials, functional nanoscale devices, electronics, biomaterials, and energy production. Creating large, well-aligned arrays of tailored 1D nanostructures on transparent electrodes provide a promising basis for a wide range of those targeted areas of application. Among many semiconductor nanomaterials, several favourable intrinsic properties have brought ZnO into focus for the use as functional nanostructured devices due to several potential benefits over traditional wafer-based components, such as, for example, good transparency, high electron mobility, wide bandgap (3.36 eV), strong roomtemperature luminescence, large excitonic binding energy (60 meV) at room temperature [1] , piezoelectricity, high mechanical robustness, and excellent thermal and chemical stability [2] . ZnO is an earth abundant, thus, cheap native n-type semiconductor (due to oxygen vacancies) with lowtoxicity and good stability. By doping ZnO, for example, with gallium (Ga), indium (In), and aluminium (Al), its conductivity may even be increased by orders of magnitude, thus offering an attractive and cheap, furthermore, nontoxic and rare metal-free alternative to the costly ITO [3] [4] [5] [6] [7] .
Those properties are highly appreciated in emerging applications for transparent electrodes in liquid crystal displays [8] , thin-film transistors [9] , blue light emitting diodes [10] , organic light emitting diodes [11, 12] , and further in the fields of optoelectronics [13] , sensing [14, 15] , and piezoelectrics [16, 17] , as well as for photovoltaic cells [18] .
Especially after the ZnO nanowire dye-sensitized solar cell was reported [18] , research on nanostructured ZnObased transparent electrodes was accelerated. Besides the low production costs for nanostructured ZnO-based transparent electrodes, interest is mainly driven by its intrinsic easy processability, with the consequence of a wide range of diverse production methods made available already. However, it is crucial to have a synthesis method at hand, which allows for the systematic variation of process parameters, in order to control the interfacial nanostructure formation to a high extent. In the past, mostly high-temperature techniques such as chemical vapour deposition (CVD) and thermal evaporation have been in use to produce aligned high-aspect ratio ZnO nanostructures, for example, nanorod (NR)/nanowire (NW) arrays. These processes are highly energy consuming and require expensive infrastructure, which made it necessary to search for simple low-cost alternatives with the potential for upscaling to fit industrial process flows with generally accessible techniques.
In respect thereof, we focus on the utilization of electrochemical deposition (ECD) methods which are attractive not only for their mild aqueous-based solution processing, the low synthesis temperature, and facile manipulation possibilities, but also for the potential of easy upscaling. Since the first demonstration of ECD for ZnO film deposition in 1996 [19, 20] , it remains a widely used technique for the deposition of oxides as bulky or thin films and nanostructures [21] . The majority of reported protocols on ECD of ZnO nanorod arrays (NRAs), however, still rely on seeded growth on ZnO nanoparticles or thin films that are precoated on the substrate [22] [23] [24] [25] [26] . Consequently, a multistep process is necessary to provide the additional nucleation layer, which is not only tedious, but also the reproducibility of this step still remains challenging. Therefore, it is still crucially expected to achieve controllable large-scale growth of wellaligned ZnO nanostructures on transparent oxide electrode (TOE) substrates with a one-step synthetic approach, while maintaining the low-cost aspect.
Herein, we introduce an inexpensive and simple preparation of uniformly distributed and well-aligned vertical ZnO NRAs on conductive AZO electrodes, whereas no catalyst or seeding step is required for the initiation of controlled growth. This approach is based on a one-step electrochemical processing of consistently nontoxic and abundant materials in aqueous solution at low temperature (≤85
• C) and allows for large-scale processing at low cost, moreover it is favourable to the integration and in situ fabrication of complex and polymer-supported devices.
Recently, we demonstrated that growth of ZnO nanostructures by ECD is strongly related to the crystallinity and topology of the underlying TOE material [27] . In this work we study the application of AZO thin films as TOE for improved growth quality of vertically aligned singlecrystalline ZnO nanostructures atop. Instead of a seeding layer, in this approach we take advantage of the epitaxial relationship of the ZnO with individual grains of the highly c-axis-oriented AZO texture, thus avoiding any pretreatment step of the TOE surface. In the absence of any catalyst, surfactant, or seed mediator during the deposition, it is expected to significantly improve the interfacial quality as well. This, again, may enhance the thermal and electrical transport throughout the whole device.
We study ZnO NR growth on AZO substrates of various layer thicknesses ranging from 50 to 500 nm. Investigation of the growth mechanism during ECD was carried out under systematic manipulation of the synthesis variables such as reactant concentration and temperature, in order to optimize growth condition for highly aligned large aspect ratio NR with good crystal and optical quality.
Experimental Details

Preparation of AZO Layer.
AZO thin film TOEs with high transmittance of above 90% in the visible region and low resistivity of 2.1 × 10 −3 Ω cm were deposited by DC magnetron sputtering (Leybold Univex 450 C) in pure Ar atmosphere, from a 4-in ceramic AZO target, corresponding to a ZnO target with 2 wt.% Al 2 O 3 . Precut soda-lime glass slides (Menzel) with a refractive index of n s = 1.53 at 546 nm were used as substrates. Prior to use, the glass slides were subject to a standardized sequence of thorough cleaning steps by ultrasonication in acetone, iso-propanol, piranha solution, (3 : 1 conc. sulphuric acid to 30% hydrogen peroxide solution), and finally in base piranha solution, (3 : 1 mixture of ammonium hydroxide (NH 4 OH) with hydrogen peroxide) for 10 min each. The glass substrates were watercooled during the sputter deposition and kept at 25
• C. The target-substrate distance was 10 cm. The base pressure was in the range of 7 × 10 −6 -1 × 10 −5 Pa. AZO was sputtered at a power of 160 W and 0.1 Pa Ar pressure, resulting in a deposition rate of 0.78 nm/sec. The deposition rate was accurately extracted from step-height measurements using an atomic force microscope (AFM) (Molecular Imaging, PicoPlus). In the following, the thickness of the films in nanometres is denoted with a subscript. For example, AZO 250 stands for a 250 nm thick AZO film.
Aqueous Solution Growth of ZnO Nanorods.
All chemicals used in this study were analytical grade and were used in the received form without further purification. The water used throughout this work was reagent-grade purified and deionized Milli-Q water (18.2 MΩ cm). • C for upto 12 h on a regular laboratory hotplate. A wound platinum wire with a diameter of 0.5 mm was used as the counter electrode. A negative dc potential of −1.0 V relative to an Ag/AgCl/Cl − reference electrode was applied to the TOE. At the end of the growth period, the sample was immediately removed from the solution and thoroughly rinsed in flowing deionized water to eliminate residual salts and unreacted products from the surface. The samples were dried under a moderate air flux at 70
• C.
Characterization Methods.
The surface morphology of all AZO films was characterized by AFM imaging, operated in tapping mode. Scanning electron microscopy (SEM) (Zeiss SUPRA 40 microscope) was employed to observe the shape and cross-sections of ZnO NRAs and AZO films. Xray diffraction (XRD) was performed with a SIEMENS D501 diffractometer in Bragg-Brentano geometry. A sealed copper tube was used in combination with a graphite monochromator at the secondary side. The diffraction peaks were assigned to known crystallographic phases using the database Powder Diffraction File (PDF 2) from the International Centre for Diffraction Data (ICDD). Photoluminescence (PL) measurements were conducted on a Shimadzu RF-5301PC spectrofluorophotometer at room temperature in air and the results were corrected with corresponding curves of the instrument. The optical transmission characteristics of the films and structures at normal light incidence were probed using an ultraviolet-visible (UV-VIS) spectrophotometer (Thermo Electron Corporation, Nicolet Evolution 100).
Results and Discussion
Characterization of AZO Substrates.
Before the deposition of ZnO NRAs on AZO-coated glass substrates, the morphology of the TOE layer was characterized. Figure 1 (a) shows a representative tapping mode AFM image of the AZO 250 surface, from which the root mean square roughness (RMS < 3 nm) was extracted, as well as the average grain size (GS = 48 nm). For the latter, the 2D autocorrelation function (ACF) of each topographic image was firstly calculated and then the profile of the central ACF peak was extracted (using the scanning probe microscopy data analysis software Gwyddion). The GS value corresponds to the full width at half maximum of the ACF peak. The GS, as well as the RMS roughness, increases almost linearly with the AZO film thickness for d ≤ 250 nm, whereas for larger d, there is a tendency towards saturation [28] . The RMS roughness of the plain glass substrate is 0.16 nm. The topographic AFM plot in Figure 1 (a) indicates good preconditions for the use of AZO 250 films without the need of an additional seeding process, since the topology already may offer facile nucleation sites. Cross-section SEM images of the same AZO 250 layer were obtained at the breaking edge after cleaving the samples, which inevitably led to the breaking of some grains. A representative cross-section SEM image of a close-packed AZO 250 film on a glass slide is shown in Figure 1(b) .The inherent columnar morphology of the film is clearly demonstrated. Near the glass/AZO interface many crystallites nucleate and start growing omnidirectional until the film thickness reaches ∼25 nm. In later phases of the growth, some crystallites grow wider on the expense of others, resulting in the suppression of lateral growth; thus develop the characteristic V-shaped columns. It is commonly accepted that such a texture results from the competing growth between crystallites with different orientations. This, eventually, leads to the preservation of the grains with the faster growing direction-in this case the wurtzite hcp c-axis-perpendicular to the surface. The average sheet resistance of as-deposited AZO films was found to be inversely proportional to their thickness and independent of the grain size and not dominated by grain boundary scattering, as discussed in detail in a previous publication [28] , yielding a constant resistivity of 2.1 × 10 −3 Ω cm.
Self-Seeding Properties of AZO for ZnO Nanorod Growth.
The chemical reactions concerning the applied ECD process for the formation of ZnO NRAs are generally known to be based on the generation of an excess of ionic species in solution, which are subsequently brought to precipitation by reduction of an oxygen precursor reactant in close proximity to the working electrode interface. The nucleation and growth mechanism of ZnO in aqueous solution have previously been investigated by numerous groups [29] [30] [31] . The general principle for the deposition of ZnO from an aqueous solution follows eventually as a result of the pH dependence of its solubility in aqueous solution [32] and can therefore be induced by increasing the concentration of hydroxide ions in solution. This, again, can be achieved by the cathodical reduction of a variety of oxygen precursors such as peroxide [33] , molecular oxygen [34, 35] , or nitrate [36, 37] , with the following hydroxyl supply reaction schemes:
In this study, we focus solely on the zinc nitrate (Zn(NO 3 ) 2 ) route, as it conveniently delivers both, the hydroxide ions (OH − ) as well as the zinc ions (Zn 2+ ) at once. The use of nitrate baths also avoids laborious gas handling equipment.
As a result of the progressing hydroxide production from the respective reduction of oxygen precursor (1)- (3) at the cathode surface, the local pH increases to over 10 and induces the preferred formation of intermediate zinc hydroxide species [35, 38] . This alkaline environment is crucial for the formation of ZnO NRs because otherwise divalent metal ions do not hydrolyze under acidic conditions. In order to facilitate selective growth at the substrate surface, both its chemical and structural properties play a significant role. The interfacial tension between solution species and a crystal nucleation site depends on the degree of structural matching, the same crystal type having the best match and the lowest energy barrier [39] .
Therefore, many ECD approaches depend on some kind of surface treatment of the electrode interface. The better this seed material then matches the material of the nanocrystals being grown, the more effectively it facilitates the electrochemically induced growth of ZnO NRs by controlling their morphology, texture, and even orientation. Due to the small lattice mismatch (<1%) and large structural similarity (hexagon on hexagon epitaxy) in the case of AZO substrates (98 wt% ZnO + 2 wt% Al 2 O 3 ), plentiful low energy nucleation sites for ZnO crystallites are presented at the surface, hence the interfacial energy may be reduced to values close to zero and further seeding steps may be avoided.
In order to characterize the quality of AZO layers as TOEs with proposed self-seeding properties for ECD of ZnO NRAs, the deposition progress was monitored at frequent intervals during the first hour of deposition. In Figure 2 , we present a sequence of SEM images, taken after 1 min (a), 5 min (b), 30 min (c), and 60 min (d) of ZnO deposition on AZO 250 . During these early stages of the ECD process, nucleation events are generated upon the electrochemical reduction of the ZnO growth species, leading to the formation of a solid precipitate of nanocrystalline ZnO atop the AZO 250 film. Site-selective electrodeposition of ZnO nuclei at the AZO 250 grain tips is intrinsically favoured over the nucleation events on intergrain boundaries, as shown in Figures 2(a) and 2(b). These initial nucleation events generate ZnO nanocrystals with the fastest growth rate being aligned to the wurtzite hcp c-axis of the columnar AZO grains, and therefore the ZnO nanocrystals soon begin anisotropically elongating along the matching direction to form one-dimensional structures whose diameter is dictated by the diameter of the AZO grain, as shown in Figures 2(c) and 2(d). Since each individual ZnO crystallite is growing on a separate grain of the AZO 250 layer, thus following the columnar growth mode of the underlying AZO 250 grains, this growth behaviour certainly may facilitate homogeneous coverage and electric continuity throughout the entire AZO/ZnO NR interface.
The bare AZO 250 layer features a mean value of 475 grains μm −2 . Following the sequence of SEM images in Figure 2 through the initial first hour of nucleation and growth, on 1 μm 2 , we count 400 nuclei after 1 min (a), 325 nuclei after 5 min (b), 300 well-faceted crystallites are observed after 30 min(c), and after 60 min the substrate is homogeneously covered by 250 NR (d). These results indicate that the ZnO NRAs grow in a competitive mode. The component of competition arises from the degree of misalignment and consequently restricted lateral space. Therefore, with progressing growth we observe a relative increase in perpendicular orientation of the NRs due to spatial hindrance and consequently the abortion of growth of the less perpendicular aligned NRs, which, again, provides an explanation for the decrease in NR density with increasing growth time.
Aside from the clearly visible progress in formation of aligned hexagonal crystallites, the SEM image in Figure 2 (c) also reveals that the ZnO crystallites have grown to an average diameter of 50 ± 5 nm. After 60 min, the continued ECD has formed ZnO NRs with highly anisotropic growth along their c-axis, with their final lateral dimension remaining constant at 50 ± 5 nm, as depicted in Figure 2(d) . This close correspondence between the grain size of the AZO 250 layer (48 ± 3 nm) and the final ZnO NR diameter indicates a strong epitaxial relation between the substrate and the NRs, thus implying that growth is favourably following the columnar structure of the AZO substrate. Furthermore, this finding allows us to hypothesize that, by adjusting the AZO Journal of Nanomaterials layer thickness, which is correlated to its grain size, the NR diameter may be tuned accordingly.
Structural
Analysis. X-ray diffraction on the bare AZO substrates shows clear features of the characteristic peak pattern of hexagonal ZnO (wurtzite type) as shown in Figure 3 . The high intensity of the (0002) peak reveals highly textured crystallites within the film with the (0001) plane parallel to the substrate surface. The lattice constants of the crystallites, determined on the basis of the (0002) Figure 3 also gives the XRD pattern of the ZnO NRA on the AZO 250 substrate after a total of 4 h of ECD (see Figures 10(a) and 10(b) ). The peak pattern is comparable to the one of the uncoated AZO 250 substrate but the intensity of the (0002) peak is considerably (∼30 times) higher. The other peaks of hexagonal ZnO are barely recognizable, but can be associated with (1011), (1012), and (1013) peaks of ZnO [40] . It can be concluded that the ZnO NRAs consist of highly textured crystals forming a fibre texture with the (0001) fibre axis perpendicular to the substrate surface [20] . However, a slight change in the position of the (0002) peak is observed between AZO 250 and the ZnO NRs. These results in a slightly different lattice constant for the ZnO NR crystals with c = 5.213Å. We note here that the same dominant (0002) peak was observed in all XRD-investigated NRA samples, for various deposition temperatures and deposition times. The other peaks of the hexagonal ZnO are in all cases suppressed.
Effect of AZO Grain Size on ZnO NR Growth.
Control over the nucleation location of ZnO NRs at the beginning of the ECD is established by the columnar grains of the AZO substrate which serves as self-seeding back electrode. The density and size of these grains, however, are intrinsically controlled by the thickness of the TOE layer [28] . The effect of scaling grain size on the growth of ZnO NRAs by ECD is therefore investigated for various AZO layers with 50 to 500 nm thickness. Figure 4 shows SEM images of ZnO NRAs after 4 h deposition time at 85
• C that were grown on AZO 500 , AZO 250 , AZO 100 , and AZO 50 , respectively. All investigated AZO films show homogeneous arrays of hexagonally shaped ZnO NRs with a continuous high degree of vertical alignment over several square centimetres. The variation in diameter and length of the NRs as well as the density of the NRAs is visible in SEM pictures in Figure 4 . Plotting the mean diameter of the deposited ZnO NRs with the AZO grain size of the corresponding substrate against the underlying AZO film thickness clearly demonstrates the close spatial correlation, as shown in Figure 5 . The remarkably close correlation of the average diameter of the NRs to the AZO grains goes hand in hand with a rapid decrease of the length of NRs from 2.5 μm to 1.1 μm with an increase in AZO layer thickness from 50 nm to 500 nm. This indication of lattice matching with the substrate verifies the strong influence of the AZO surface morphology, more precisely the AZO grain size and density.
Dense NRs with aspect ratios of 17 and 25 are formed on AZO 500 and on AZO 250 , respectively (Figures 4(a) and  4(b) ). The NRs formed on AZO 100 and especially on AZO 50 ( Figures 4(c) and 4(d) ) show much larger aspect ratios of 50 and 83, respectively.
As mentioned, the lateral dimension of the ZnO NRs is primarily dictated by the diameter of the AZO grains; however, we also observe significant changes in the density of the resulting NRAs according to the applied AZO film thickness. Considering the grain size and density of approximately 275, 475, 750, and 2400 grains/μm 2 on respective substrates of 500, 250, 100, and 50 nm, we would expect a decreasing nucleation density with increasing thickness. Contrary to intuition, after 4 h of ECD we observe a decreasing density of NRs of 106, 144, 43, and 23 NRs/μm 2 for corresponding AZO thickness in decreasing order. The current passed after 4 h of ECD is nearly identical for all samples; thus it is implied that equal total amounts of ZnO material are deposited for all samples.
One possible reason for the strong effect of the AZO thickness on the self-seeding properties of the TOE on ZnO NR growth, and according to density of the NRAs, can be rooted in the competition between nucleation of ZnO on AZO grains versus the axial growth of already formed crystallites. AZO films with lower sheet resistance facilitate electrochemically induced growth reaction, thus favour nucleation of ZnO at the TOE interface. Increased sheet resistance of the TOE, on the contrary, decreases the probability of nucleation, and hence rather favours the vertical growth of ZnO NRs along their c-axis.
Taking into account the thickness-dependent sheet resistance of the AZO films, thus plotting the average length of deposited ZnO NRs over the corresponding sheet resistance, we observe an almost linearly increasing correlation, as shown in Figure 6 . The plot in Figure 6 also shows the rapid decrease of absolute surface area coverage from 45% and 37% for the AZO 500 and AZO 250 , to only 6% and 2% for the AZO 100 and AZO 50 , according to the increased sheet resistance of the TOEs. Electrochemically induced nucleation of ZnO growth species therefore appears to be enhanced on thicker AZO films, thus producing denser NRAs, compared to ZnO NRAs grown on thinner AZO films with higher sheet resistance.
These findings and the above stated assumptions were verified by a separate set of reference experiments. For this purpose ZnO NRAs were grown on symmetric AZO/Au/AZO trilayer TOEs (Figure 7 ) with superior electric properties [28] . With an optimized stack of 50 nm AZO/5 nm Au/50 nm AZO a sheet resistance of approximately 30 Ω is achieved while the grain size and morphology of the AZO top layer maintain the identical properties as the AZO monolayer with a thickness of 100 nm. The presence of Au interlayer influences only moderately the grain structure of the AZO film. The RMS roughness and grain size of AZO 50 /Au 5 /AZO 50 are 2.1 and 32 nm, respectively, while the obtained values for the AZO 100 single layer are 2.4 and 33.4 nm. The nucleation density on these substrates is approximating full coverage with NRs during the first hour. Due to competitive growth, the density of the NRAs is gradually decreased with time to approximately 60% surface area coverage after 4 h of ECD. The NRs reach an average length of 1.5 μm within this period of time.
Effect of Temperature on ZnO Nanorod Growth.
Various thermochemical calculations regarding the electrochemically induced ZnO NR growth from aqueous solutions have already elucidated that temperature has a variety of direct and indirect effects on the ECD process, mainly by a markedly high influence on the overall solubility of all precursor species. A closer look to the solution chemistry of the precursor species involved in the deposition process gives further insights. Diverse scenarios have been considered in the literature, commonly by predicting species repartitionpH diagrams of the thermodynamically most stable Zn(II) species in solution during ECD, revealing generally accepted consequences, like the shift of their concentration maxima to lower pH with increasing temperature [41] . The required solution saturation for ECD techniques is set to be very close to the limit of ZnO solubility, therefore, already a slight change of the solubility conditions, due to thermodynamically induced changes, may result in a drastic impact on the nanostructure morphology.
Since optoelectronic properties strongly relate to the morphology of the nanostructures, it is crucial to better understand the effect of temperature on the ECD and the resulting morphology of ZnO NRAs. Temperature effects on the nucleation step and the formation of ZnO NRA were studied by ECD experiments, performed on various AZO substrate thicknesses at bath temperatures between 60
• C and 85
• C. The corresponding top-view SEM images for NRAs grown on AZO 250 are shown in Figure 8 . Below 60
• C synthesis of ZnO NRAs resulted only in partial coverage of Journal of Nanomaterials Journal of Nanomaterials were grown with relatively uniform distribution. Top-view SEM images in Figure 8 show the resulting ZnO NRA from ECD at bath temperatures of (a) 60
• C, (e) 80
• C, and (f) 85
• C. The hexagonal cross-section of the NRs is clearly visible in the SEM close-up images (insets in Figures 8(a) to 8(f) ), signifying the consistency of preferred growth along the (0001) direction throughout a broad range of temperature. From the structural point of view, it appears that the solution temperature does not have a major effect on the orientation of nanorods, but the impact is, a fortiori, affecting the AR of the NRs. Therefore, we notice that the AR of ZnO NRs is increased from 4 to 25 with increasing temperature of the ECD bath from 60
• C to 85
• C. The average diameter of the NRs decreases with increasing temperature from 106 nm at 60
• C to 65 nm at 75
• C until it reaches a minimum of 51 nm at 85
• C, as shown in Figures 8(a) to 8(f), respectively. Likewise we observe that the length of the NRs was greatly affected by temperature changes, thus increasing with the temperature being raised within the tested range. Hence, after being subjected to the ECD process for a time period of 4 h, the average ZnO NR lengths achieved were 0.4 μm, 0.6 μm, 1.1 μm, 1.4 μm, 1.3 μm, and 1.3 μm for the respective temperatures in ascending succession. The significantly larger aspect ratios at increased temperatures may be explained by the overstepping of the critical temperature threshold for efficient NR growth. These results clearly imply the significance of the solution temperature as an essential parameter for controlling the ZnO nanostructure morphology, and thus, the resulting properties of those.
The graph in Figure 9 illustrates the effect of deposition temperature on the NR morphology. The continuous trend of decreasing NR diameter with increasing temperature is observed for all tested AZO film thicknesses, whereas the opposite trend is observed for the average length of the NRs. Interestingly, a significant maximum in vertical growth is repeatedly detected in the temperature range between 70
• C and 80
• C. This kink in the average ZnO NR diameter curve indicates the optimum growth temperature after reaching a deposition temperature of 70
• C or greater. According to the finding that at 75
• C, where the aspect ratio is superior to other deposition temperatures, this temperature was selected for further characterization.
Effect of Growth Time.
For obtaining a better understanding of the formation mechanisms and the growth progression of ZnO NRAs on AZO TOEs, we carried out a series of time-dependent experiments. The reaction parameters for this study were chosen, according to the above discussed criteria for optimal growth with respect to our goal, which is the production of homogeneous high aspect ratio ZnO NRAs with accessible void space and large interfacial area to facilitate surface treatment and functionalization of the ZnO interfaces for, for example, photovoltaic (PV) application. The morphological evolution of ZnO NRAs is therefore traced during 12 h and the corresponding SEM images of the produced NRAs are shown in 4 h steps in Figure 10 .
The SEM images show top views and the corresponding cross-sections of the NRAs, deposited from solutions containing 1E-4 mol/L Zn(II) precursor with equimolar addition of HMT at 75
• C. When the reaction is performed for the first 4 h, vertically aligned ZnO NRAs are formed, with a diameter of 65 nm and a length of 1.4 μm, which correspond to AR ∼ 22 (Figures 10(a) and 10(b) ). The crystal faces appear well developed and smooth with no visible structural defects. In preceding time experiments, we determined that the ZnO NR surface begins to become rough as a result of long deposition times (>6 h), implying partial dissolution of the NRs [25] . The ZnO dissolution is ascribed to the equilibrium reaction with the depleting concentration of available precursor in solution. Therefore, in order to circumvent dissolution of deposited ZnO NRAs, we successively refreshed the deposition solution in 4 h cycles. The resulting NRA after two subsequent 4 h ECD cycles is shown in Figures 10(c) and 10(d) . Due to the refreshed solution, we observe ZnO NRs with smooth facets throughout the whole sample. The highly aligned NRAs exhibit diameters of 100 nm and a length of 2.9 μm, which correspond to AR ∼ 29. It is expected that the radial growth rate decreases with time, whereas the axial growth rate is continuously high. Because of the refreshed solution, we reintroduce the original concentration of the precursors at the beginning of each 4 h cycle, accordingly the nucleation potential is enhanced and we observe a slight increase of the radial growth rate at the beginning of each cycle, thus the average NR diameter after 8 h is slightly larger than the average NR diameter after 4 h. This is in good agreement with the precursor concentration effect on the NR morphology as discussed above. As the experiment is prolonged to 12 h, we obtain homogeneous arrays of highly aligned ZnO NRs with an average diameter of 150 nm and a length of 5.1 μm, which correspond to an AR ∼ 34. It is clearly indicated that not only the absolute length of the NRs is increasing with reaction time, but, moreover, it is demonstrated that the AR of the NRs continues to increases with deposition time.
From the sequence of top-view SEM images in Figure 10 , it is also apparent that the density of NRs at the growth front is decreasing with deposition time, namely, from 60 NR/μm 2 after 4 h to 55 NR/μm 2 after 8 h and to finally 40 NR/μm 2 after 12 h. This decreasing density of ZnO NRs with increasing growth time can be explained by the competitive growth behaviour inherent to the axial growth of the NRs within the NRA. During the evolution of ZnO NRs, we observe homogeneous growth rates throughout the whole substrate. However, this assumption only holds for the axial growth along the c-axis of each individual NR. This process also features autoalignment of the NRs during the ECD process to a high-degree perpendicular to the substrate. Furthermore, since steady supply with growth units from the aqueous solution is required for continuous growth, the most perpendicular aligned NRs may be reached more easily by the growth units, and hence are accelerated in their growth rate. The SEM images in Figure 10 offer clear evidence for this competitive growth rate during the growth period of 12 h. Taking into account the hexagonal geometry of the NRs, the length, and their density, we calculated an increase of the available surface area (compared to a flat film) by 60 times for the NRA after 4 h, 140 times after 8 h, and 315 times after 12 h. Considering our aim, it is, on one hand, highly desirable to increase the available surface area to facilitate a maximum of interfacial area, but the consequences of the larger nanostructures, on the other hand, have to be carefully balanced to preserve optimal optical properties for the intended application as transparent component in, for example, new solar cell designs. Figure 11 shows the transmittance of only the AZO 250 film on a soda-lime glass substrate, as a function of the wavelength, the typical thickness-related interference pattern for normal light incidence. The transmittance measurement of the ZnO NRA after 4 h (atop the glass/AZO 250 ) ( Figure 11 ) shows a decrease of about 20% (compared to the soda-lime glass substrate) in the visible wavelength range from 350-570 nm, whereas a slight increase is observed in the visible wavelength range from 570-800 nm. All spectra are presented as recorded, thus including the fractions from the soda-lime glass. Therefore, the transmission spectrum of only the glass substrate is plotted separately for comparison. The three glass/AZO 250 /ZnO NRA UV-Vis spectra correspond to the samples produced in the time experiment after 4 h, 8 h, and 12 h, respectively.
As expected, the UV-Vis transmission spectra show decreasing transmittance with increasing deposition time due to increasing NR dimensions. The spectra also show a typical excitation absorption band at ∼370 nm that is blue shifted with respect to the bulk absorption edge which appears at 400 nm; this shift may be ascribed to the nanosize effect of the ZnO NRA [42] . Further, it is indicated that the smaller average diameter of ZnO NRs outperforms the ZnO NRAs with larger average diameter by significantly higher transmission, whereas, the greatest difference in transmission appears in the spectral region between 370 nm and 650 nm. We infer from these results that ZnO NRAs with smaller average NR diameter are more favourable for TOE applications, thus can readily be applied as transparent nanostructured electrodes for, for example, PV application to increase the contact area between ZnO and the absorber, Figure 11 shows a photograph of the corresponding ZnO NRAs on glass/AZO 250 , with the scale bar in cm.
Effect of Deposition Temperature and Postdeposition
Temperature Treatment on the Photoluminescence of ZnO Nanorod Arrays. Photoluminescence (PL) spectra of NRAs were measured using a Xenon lamp (325 nm) as excitation source. Figure 12 shows typical room-temperature PL spectra of two glass/AZO 250 /ZnO NRA samples after 4 h ECD at 70
• C and 75
• C, as well as the bare glass/AZO 250 as reference for comparison. The PL of all as-prepared ZnO NRAs comprises one major emission band with a maximum at ∼3.2 eV (∼390 nm) in the ultraviolet (UV) region, which is attributed to the near-band-edge emission through excitonexciton collision processes [43] . This sharp and intense emission, which is associated with the good crystallinity and high chemical purity of the ZnO NRs, is in accordance with the expected optical band gap of ZnO. A weak blue emission peak with much lower intensity, centred at ∼2.6 eV (∼470 nm), is also observed in both spectra. It is reported that this 2.6 eV emission peak-generally nominated as deep level emission (DLE)-presumably originates in the electron-hole recombination at a deep level in the band gap caused by intrinsic point defects and surface defects, for example, oxygen vacancies, zinc interstitials, and the incorporation of hydroxyl groups in the crystal lattice during the growth in solution [44, 45] . The major difference between the PL emission characteristics, regarding the variation in deposition temperature of ZnO NRA samples, is manifested in the great discrepancy of the intensity of the belowband-gap DLE peak, centred at ∼2.0 eV (∼600 nm), which, however, is typical in ZnO prepared from aqueous solution and considered to be nonradiative recombination caused by oxygen vacancies in ZnO [46] . This DLE peak is commonly associated with surface electronic states at the NR surface [47] and atomic defects [48] . The much lower intensity of the DLE relative to the band-edge emission shows that the optical properties of NRAs are not dominated by surface defects but are intrinsic of bulk ZnO. This is indicative of the high crystal quality of the electrochemically produced ZnO NRAs. Nevertheless, it also highlights the better optical quality of the NRA produced at higher temperature (≥75 • C). Accordingly, this demonstrates that increasing the ECD growth temperature to the optimal temperature at 75
• C will improve the crystal quality of ZnO NRAs. Possible reasons for the significant sensitivity of the PL emission characteristics to the ECD synthesis temperature may be related to nucleation and growth kinetics through the activation of the reactants by the use of elevated temperature, hence the formation mechanism of oxygen vacancies. The use of elevated temperatures may also increase surface mobility and diffusion length of adsorbed building blocks, which, again, may improve the crystal quality. This clearly demonstrates that well-aligned ZnO NRAs with high crystal and optical quality can be synthesized directly on AZO substrates by the low-temperature ECD growth process.
In order to investigate to what extent further optical improvement can be achieved by postdeposition thermal treatment, the ∼5.1 μm long NRAs (12 h ECD at 75
• C) were subjected to an annealing step in air at 250
• C for 2.5 h. Figure 13 shows typical room-temperature PL spectra resulting from the NRAs before and after the heat treatment, respectively. The dominant UV emission peak remains unchanged at ∼3.2 eV (∼390 nm), together with the two rather weak visible emissions at ∼2.6 eV (∼470 nm) and ∼2.0 eV (∼600 nm). The UV to visible emission ratio, however, is reduced when comparing to the shorter NRAs Wavelength, λ (nm) Figure 12 : PL spectra of ZnO NRAs grown at 70
• C (grey dashed) and 75
• C (black solid) after a growth time of 4 h. For comparison we include the soda-lime glass/AZO 250 (grey solid) reference. The PL spectra were recorded with an excitation wavelength of 325 nm. obtained after 4 h, which is mainly caused by the increased emission at ∼470 nm, rather than a decrease of the emission peak at ∼390 nm. We may explain the relative increase in visible emission intensity, which is likely due to the formation of surface states and depletion layers near the NR surface, with the increased surface-to-volume ratios of the longer NRs. Close to the surface region, when electrons are excited to the conduction band, they are easily trapped by highdensity surface states and are relaxed via a nonradiative process, so that photon emission can occur only in the central region of the ZnO nanorods, deep from the surface. This plays an important role in the PL process. It is clear that the structural defects of ZnO NRAs are noticeably reduced after the thermal treatment. The marked overall quenching of the broad visible emission around after annealing is attributed to excess oxygen [49] and is consistent with the involvement of oxygen interstitials in the luminescence. For NRAs annealed at 250
• C, the weak blue emission is only slightly reduced. This persistence is attributed to only a slight increase in crystallinity of the film at this relatively low annealing temperature. Annealing at higher temperature may lead to a decrease in the concentration of structural defects in the crystal, thereby decreasing the defect-related emission more pronounced. However, the exact chemical origin of the individual defect emissions requires further study. It has been suggested that zinc vacancies were the source of green luminescence appeared at 2.4-2.6 eV [50, 51] , but also surface defects and oxygen vacancies are under discussion as the source of green emission in ZnO [52, 53] . However, yellow emission has been attributed to the presence of OH-groups [54] . Since the broad emission in the yelloworange spectrum at ∼600 nm is minimized after annealing at 250
• C, it likely originates from the presence of OH-groups whose desorption temperature is at ∼150
• C [55] . 
Conclusion
In summary, AZO substrates with different thicknesses have been used as TOEs for ECD in a self-seeding aqueous solution route to grow vertically aligned and single crystalline ZnO NRAs with wurtzite hexagonal phase. The deposition is carried out under mild and low-cost conditions without the use of any catalyst, surfactant, or seed mediator at temperatures between 60
• C. We found that the AZO substrate not only defines the density and orientation of the NRs, but also controls their diameter and vertical growth progression to a significant extent. Reason for this behaviour may be found in the grain size as well as the sheet resistance of the TOE. In this context, various AZO film thicknesses have been used to generate siteselective electrodeposition of parallel and closely spaced ZnO NRAs with tailored diameters.
The structural analysis shows that the realization of large aspect ratio ZnO NR morphologies with good crystal quality is highly depending on the preparation conditions, a priori, on the temperature. The formation of high quality ZnO NRAs with large surface-to-volume ratio, on the other hand, is mainly dependent on the well-balanced ratio of zinc ions to hydroxide ions. With the reactant concentrations applied herein, this optimized growth condition is achieved at a bath temperature of 75
• C. It is also demonstrated that selforganization of fast-growing crystallographic planes of the inherent wurtzite crystal structure of ZnO is significantly promoted at elevated deposition temperatures, so that aspect ratios may be tailored in a range of two orders of magnitude by simply choosing a different AZO film thickness and consequently a changed grain size.
Room-temperature PL spectra showed strong UV emission and an improved UV-to-visible emission ratio, a clear indication for high optical quality ZnO NR arrays. The PL emission characteristics of ZnO NRAs reveal significant sensitivity to the ECD synthesis temperature, thus the conditions they were prepared at.
The low-cost strategy, simple solution processing, fine quality, high reproducibility, and straightforward one-step synthesis in the herein presented work make the demonstrated ECD route on AZO TOEs attractive and considerable for large-scale production.
In the future, the presented ECD route is expected to extend further to the growth of multilayered and hierarchically structured thin-film materials by means of aqueous solution processing, since the controlled deposition of nanostructures of almost any metal oxide can be realized by selecting suitable reaction conditions.
